Different from the semitransparent building integrated photovoltaic/thermal (BIPV/T) system with air cooling, the semitransparent BIPV/T system with water cooling is rare, especially based on the silicon solar cells. In this paper, a semitransparent photovoltaic/thermal system (SPV/T) with water cooling was set up, which not only would provide the electrical power and hot water, but also could attain the natural illumination for the building. The PV efficiency, thermal efficiency, and exergy analysis were all adopted to illustrate the performance of SPV/T system. The results showed that the PV efficiency and the thermal efficiency were about 11.5% and 39.5%, respectively, on the typical sunny day. Furthermore, the PV and thermal efficiencies fit curves were made to demonstrate the SPV/T performance more comprehensively. The performance analysis indicated that the SPV/T system has a good application prospect for building.
Introduction
Building integrated photovoltaic/thermal (BIPV/T) is one of the most applicable solutions for solar PV. For BIPV/T, it can take away the heat from PV cells to keep a high electrical efficiency and then supply the electrical power and heat source for the building. Chow et al. indicated that the limited building space for accommodating solar devices has driven a demand on the use of PV/T technology [1] . Ooshaksaraei et al. illustrated the characterization of airbased photovoltaic/thermal panels with bifacial solar cells [2] . J. H. Kim and J. T. Kim took the experiment on the performance of an unglazed PV/T collector with two different absorber types [3] . Matuska investigated the influence of building integration of polycrystalline PV modules on their performance and potential for use of active liquid cooling by use of BIPV-T collectors through simulation analysis [4] . Nonetheless considering the comfort and the architectural lighting, as the facade or roof in building, the BIPV/T still needed to maintain the natural lighting of the building spaces.
It is known for BIPV that the transparency of the PV system is realised by either thin PV cells becoming transparent or leaving spaces between the PV cells to allow the natural illumination partially into the building [5] . Kang et al. used the dye-sensitized solar cells (DSCs) to replace building windows which allowed light transmission and application of various colors but had a lower efficiency in terms of electricity generation than silicon solar cells [6] .
However, due to the cooling structure, it is more difficult for BIPV/T to maintain the natural lighting of the building spaces than BIPV. Many researchers improved BIPV/T to achieve this purpose. For BIPV/T with air cooling, Vats et al. designed a building integrated semitransparent photovoltaic/thermal (BISPVT) system for roof and facade which could provide electricity, space heating, and day lighting [7] [8] [9] . Kamthania et al. presented the performance evaluation of a hybrid photovoltaic/thermal (Semitransparent PV/T) double pass facade for space heating [10] . But for BIPV/T with water cooling, less work has been focused on the semitransparent photovoltaic/thermal system, which is due to the common whole flat plate PV/T process technology with water cooling. Suppose that a semitransparent photovoltaic/thermal system (SPV/T) with water cooling was built, it not only would provide the electrical power, space heating, and hot water for the building, but also could attain the natural illumination, which would further expand the application scope of the BIPV/T. Therefore, this paper presented a semitransparent photovoltaic/thermal system with water cooling for building application through improving the PV/T structure. The system adopted a technology that the PV was directly laminated on the surface of the square tube, and the space was left between square tubes. The schematic diagram of the semitransparent photovoltaic/thermal system with water cooling on a roof was shown in Figure 1 and the sunlight can be allowed through the gap into the building space. Considering that the crystalline silicon PV has a higher electrical efficiency than other solar PVs, thus the semitransparent photovoltaic/thermal system adopted the crystalline silicon PV to obtain a higher PV power. The experiment focused on the electrical and thermal performances of the SPV/T system, which indicated that the SPV/T system has a good PV/T performance.
Experimental Rig Setup

SPV/T Solar Collector
Structure. The SPV/T consisted of PV, the cooling square tube, the storage tank, the connecting pipe, and other major components. The constituent layers of PV/T were shown in Figure 2 (a). The PV was inserted within the encapsulated materials, which included the transparent TPT (tedlar polyester-tedlar) and the EVA (ethylene-vinyl acetate) layers on the top, and the EVA and opaque TPT layers underneath. TPT is known for its good electrical insulation and EVA is the adhesive material. Further down the square pipe is a layer of thermal insulation, which covered the two side surfaces and bottom surfaces of the square pipe. There is an insulated air layer between the front glazing and the PV encapsulation, the same as that between the back glazing and the thermal insulation layer.
Four PV cells were connected in series and laminated together on one square tube. The size of each PV cell is 15.6 cm * 1.0 cm and that of the square pipe is 80.0 cm * 1.5 cm. The SPV/T system has 18 square pipes ( Figure 2(b) ). The real photo of SPV/T was shown in Figure 3 (c), and the sunlight can pass through the spaces between the square pipes to reach the ground.
Other size parameters of this SPV/T system were shown in Table 1 .
Experimental Test Device.
The SPV/T system cooperated with a maximum power point tracker (MPPT); thus the output value of PV could maintain at its maximum value. During operation, the cooling water was circulated from the bottom port of the storage tank, then entered into the lower inlet of the SPV/T collector and took away the heat from the PV, at last outflowed from the upper outlet of the SPV/T collector, and returned to the top port of the storage tank. A 1.5 W mini water pump was installed as an auxiliary loop tool, and the flow rate was approximately 0.031 m 3 /h. The volume of water tank was 20 L. Three thermocouples were vertically and symmetrically arranged in the tank to test the water temperature in the storage tank. The ambient temperature and wind speed were measured by ambient monitor. The components of the test equipment are listed in Table 2 .
Testing and Evaluation of the Semitransparent Photovoltaic/Thermal System
Experimental Test
Profile. The prototype of the SPV/T system was designed and installed on a rooftop at University of Science and Technology of China in Hefei (31 ∘ 53 N, 117
∘ 15 E). The orientation of the system was facing south at a 32 ∘ tilt angle.
Evaluation Performance of SPV/T System.
The electrical efficiency of PV from the experiment was given:
where and are the current and the voltage of the PV operating at the maximum power; is the total solar radiation, Wm −2 ; pv is PV area, m 2 .
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where is the average water temperature in the tank, ∘ C. The system thermal efficiency sys,th is calculated by 
sys,th can also be obtained by
where is the average solar radiation, Wm −2 , and is the total area of the collector.
The exergy efficiency can be defined to describe the quality difference between electricity and heat. The exergy analysis method was based on the second law of thermodynamics, which revealed a system with a reasonable degree of energy and could evaluate the system performance better.
The exergy efficiency of PV unit conversion is defined as
where srad,max is the maximum efficiency ratio for determining the exergy of thermal emission at temperature [11, 12] and the expression is
where is equal to the 6000 K solar radiation temperature in the exergetic evaluation. The exergy efficiency of thermal conversion is defined as
where the exergy obtained in the storage tank could be written as follows [13] , and assuming that the temperature value in the tank is the arithmetic average of three thermocouple temperature values:
sun is the exergy from the sun and could be written aṡ
Experimental Results and Discussion
Performance Analysis on a Typical Sunny Day.
A typical day as an example, the test time was from 8:00 to 15:30. The environmental parameters during the test were shown in Figure 4 . The average solar radiation and the average ambient temperature were 729.0 Wm −2 and 16.9 ∘ C, respectively. The average wind speed was approximately 1.5 ms −1 . According to (1) and (2), the instantaneous PV efficiency and thermal efficiency can be obtained, as shown in Figure 5 . The value of PV efficiency was between 0.095 and 0.13. The tendency of the PV efficiency curve was gradually declined during the test which was because the water temperature became higher. For thermal efficiency, the instantaneous values increased at first and then gradually declined. The maximum value of the thermal efficiency was 53.0%. The overall PV efficiency and the thermal efficiency on whole day were about 11.5% and 39.5%, respectively.
It is clear that for the SPV/T system, the exergy efficiency of the PV was much higher than that of the hot water ( Figure 6 ). That is because in the SPV/T system applications the production of electricity is the main priority, and it is necessary to operate the PV modules at a low temperature. The water was heated from 19.4 ∘ C to 44.5 ∘ C during the test. Before 8:30, the water temperature increased slowly, and the exergy efficiency of the thermal output was below 1% and the highest exergy efficiency of the thermal output was between 12:30 and 13:00, and the maximum value was about 2.85%.
SPV/T Performance Curve Fitting.
Referring to [14] , in order to apprehend the electrical and thermal performance of the SPV/T system under the forced flow situation, Case 1-Case 11 on the experiment with different initial temperatures International Journal of Photoenergy were chosen to illustrate the overall performance, as shown in Table 3 . The PV efficiencies and thermal efficiencies of the SPV/T system in Case 1-Case 11 were fitted to a linear function to correspond to mutual relationships among the variables, as shown in Figure 7 .
For the SPV/T system, the PV efficiency under the zero reduced temperature condition was 12.8%, which was reasonable and could be further improved by using the front glazing material with a higher transmissivity. The thermal efficiency intercept was 65.9%, which could also be improved by using selective absorber surface with low emissivity.
Experiment Error Analysis.
The relative error (RE) of the dependent variable can be calculated as follows:
where , ( = 1, . . . , ), is the variable of the dependent variable and / is the error transferring coefficient of the variables. The experimental relative mean error (RME) during the test period can be expressed as RME = ∑ 1 |RE| .
According to (10)- (11) , the RMEs of all variables were calculated and the results were given in Table 4 .
Conclusion
This paper presented a semitransparent photovoltaic/thermal system (SPV/T) with water cooling, which not only could 6
International Journal of Photoenergy provide the electrical power and hot water, but also would attain the natural illumination for the building, and in comparison with the common nontransparent BIPV/T system, it has more advantages. Based on the experiment results, the PV efficiency and thermal efficiency of the SPV/T system on the sunny day were approximately 11.5% and 39.5%, respectively. Furthermore, the exergy analysis of the SPV/T system was made to indicate that the PV exergy efficiency was the main portion in the system exergy efficiency, which was because in PV/T system applications the production of electricity is the main priority, and it is necessary to operate the PV modules at low temperature. At the same time, the PV and thermal efficiencies fit curves were made to illustrate the SPV/T system performance comprehensively.
The experiment presented the overall electrical and thermal performances of the SPV/T system and verified the feasibility of it, which indicated a good application prospect.
